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-ABSTRACT
The ,purpose of this dissertation is to study the be-
havior of full-size braced multi-sto~y steel frames designed
by plastic methods and to evaluate plastic methods f?r deter-
mining the strength of braced multi-stqry steel frames.
Symmetrical and unsymmetrical vertical loading and unsym~
metrical vertical with wind loading are con~ideredo
The actual behavior of three braced frames and two sub-
assemblages is presented. The specimens are two-bay, three-
story structures. The structures are 30 ft high~and have
15 ft bay spacing. Techniques were developed for testing
these large structures subjected to significant vertical and
horizontal loads. The frame behavior is compared with an
elastic-plastic solution. The major components of a braced
multi-story frame, na~ely beams, beam-columns and diagonal
bracing are studied as parts of frame and not as individual
members.
Tests on the two subassemblages studied the behavior of
beam-columns in multi-story frames 0 The beam-columns were
subjected to significant axial load and some were bent in
,single curvature. The subassemblage concept in design is
compared with the test results. The interaction between
-1
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subassemblages is presented.
-2
A philosophy of diagonal bracing design is presented.
The theoretical response of diagonal bracing is developed
including the effect of sag in the bracing. The effect of
prestressing. on the behavior of the bracing system is pre-
sented and the theory compared with test results.
The theoretical interaction between the test frame and
the diagonal bracing is developed and compared to test re-
sults. The significance of shear from unsymmetrical vartical
loads upon the diagonal bracing forces is shown to be impor-
tant especially after plastic hinges have formed in the
structure.
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1. INTRODUCTION
In a steel structure subjected primarily to bending
forces s~~pl~.plastic theory can generally be used to deter-
1*
mine the maximum load. Extensive experimental work has
been completed on the co~ponents of such structures, that is,
beams, columns and connections. In addition full-size frame
tests have been used to study, the interaction among the com-
ponents and thus establish the plastic method of analysis and
design experimentally. These studies have shown that plastic
methods are more rational and time saving compared to elastic
or allowable stre~s design for determining the maximum
strength of indeterminate structures. The 1963 AISC specifi-
cation2 permits the use of plastic design for low building
frames in which the axial force in the columns is relatively
small and for beams in multi-story buildings provided that
the cblumns are designed by allowable stress methods.
The restriction of plastic design to bending members
has been warranted only by the lack of knowledge concerning
the instability of members subjected to significant bending
and axial forces (beam-columns) and the se~ondary moments
and forces due to deformations. In recent years, however,
,* ~uperscripts refer to references at the end of this dis-
sertation.
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Ojalvo3 has solved the beam-column problem in that the load-
deformation characteristics of a member can be predicted to
maximum load and even after unlaoding. This solution was
4
incorporated by Levi in a method of analysis for the maximum
load of a subassemblage. A subassemblage consists of a beam~
column and the other structural members framing into its ends
as shown in. Fig. 1.1a. The maximum strength of a subassem-
blage is not necessar~ly the same as, and is usually greater
than, the strength of the individual beam-column. The sub-
assemblage concept represents a more rational approach compared
to the design of isolated members in a multi-story frame.
Tests by LayS have verified the method of analysis of sub-
assemblages. The theory and the tests have shown that some
components of a subassemblage (beam and beam-columns) can
reach their maximum load and even unload, yet the subassem-
blage still can carry increasing load. Such behavior is shown
by the moment-rotation curves of the subassemblage components
in Fig. I.lb. The strength will always be somewhere between
the maximum strength of its weakest member and the sum of the
maximum strengths of all the members framing into a joint.
In the subassemblage tests cited above, idealized end condi-
tions were used, and none of the members were subjected to
loads normal to their longitudinal axes.
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The subassemblage concept is one of the principal bases
, 6
for proposed plastic design methods for multi-story frames .
It is important, therefore, tq .place the subassemblage in its
proper perspective, that is, as a part of a multi-story frame,
and study the behavior in order to verify plastic design meth-
ods for multi-story frames. In general terms the design meth-
od consists first of choosing a beam section on the basis of
the formation of a beam mechanism and then· picking a column
that can resist the beam moments at maximum load.
In this dissertation the behavior of full~size, braced
steel frames and subassemblages designed by plastic methods
is presented. Only frames which have rigid connections and
which are loaded in their plane are considered. The struc-
tures are braced by diagonal bracing so that sidesway is
minimized. For the purposes of this dissertation, a braced
frame: is defined as a frame in which sway-type plastic
mechanisms 7 are prevented by bracing.
In Chapter 2 the test program and t~st setup are dis~
cussed. Three tests were conducted on three-story, two-bay,
full~size frames and two tests on full-size subassemblages.
These tests and the testing setup are unique. Tests of their
magnitude have not been completed before. The properties of
the material and cross sections used in the tests are also
presentedG
The overall behavior of the three braced multi~story
frame tests is discussed in Chapter 3. Comparisons are made
with the theoretical maximum load and theoretical formation
of hinges based on plastic theory. The beams used in all
the tests, l2B16.5, are studied. The effect of local and
lateral buckling and strain~hardening on the beam mechanism
load are discussed.
The results of the two full~size subassemblage tests are
presented in Chapter 4. The subassemblages have realistic
member sizes aand are loaded through the beams as in a building.
The theoretical prediction of behavior based on the method of
analysis in ReferenceS is also giveno
In Chapter 5 the behavior of diagonal bracing is dis~
cussed. The theoretical interaction of bracing and frame is
presented and results compared with the test data. The impor-
tance of shear due to unsymmetrical vertical loads, the in-
fluence of prestressing on bracing system stiffness, and the
effect of slenderness ratio on the load-deformation response
of diagonal bracing are also discussed.
=7
A summary of the results of the behavior of braced
multi~sto~y frames and recommendations for future investi~
gations are presented in Chapter 60
rrlle irives,tigation summarized in this report makes the
following ~ew contributions~
10 A technique was developed with Erol Yarimci of Lehigh
University for testing full~size structures subjected
to significant lateral and vertical loads
2 0 Five three~story two~bay braced steel structures were
tested <D Plastic methods are used to predict the b~'=
havior of the structures
3. The effect of initial sag of the diagonal bracing on
the load~deformation response of the bracing is derivedo
The influence of prestressing on the sag effect and
on the behavior ~f the bracing system is presented.
4~ It is shown that forces in the diagonal bracing due
to unsymmetrical vertical loads become significant
when plastic hinges have formed in the braced struc-
tures.
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2. TEST PROGRAM.
Maximum load tests were conducted on three braced frames
and two subassemblages shown in Fig. 2.1. The specimens are
three-story, two-bqy structures with columns 15 ft center-to-
center and 30 ft high. Only three test structures were used
for all five tests. The two subassemblage ~pecimens were
salvaged from two of the braced-frame tests. In all cases
the frame is the same; the geometry and cross sections do
not change. Only the loading condition varies for each
test.
2 e 1 Loading Conditions
The test pr9gram is presented in Table 1. The loading
condition for test 273.1 represents full factored dead and
full factored live loading on all the beams. The loads on
the top story are 0.75 of the loads on the lower two floors
in order to prevent the formation of a beam mechanism in the
top story. Axial loads are maximum for this loading condi-
tion. A checkerboard loadi~g arr~~gement is used in test
273.2. The condition simulates full factored dead load on
all the beams and full factored live load only on the beams
of alternate bays and floors. The loading produces bending
moments in the interior column. In test 273.3 the frame is
subjected to lateral loading at each beam level in addition
to checkerboard vertical loading. This lateral load test is
used to study the effect of diagonal bracing in resisting
lateral loads and the interaction of the diagonal bracing and
the frame.
In tests 273.2 and 273.3 live load was placed on only
one beam on each of the lower two stories. This left one beam
on each of the lower two floors essentially undamaged along
with the interior column as shown py the heavy lines in Fig. 2~lb~
A subassemblage test was conducted on this structure by loading
the beams and applying a concentrated load PI to the top of
the interior column. The loading on the two subassemblage
tests is the same. The test number 273.2A indicates that the
specimen was o~igin~lly.part of test frame 273.2, and similarly
for test 273.3A
The method of loading req~ires both the axial forces and
the moments to increase from zero to maximum load. This is
different from the individual subassemblage tests discussed
in Chapter 1 in which an axial load was ~pplied and kept con-
stant during the test while the moment was increased from
zero.
2.2 Test Frame
9The test. frame was proportioned by plastic design methods ,
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and the loading condition for test 273.1 governed the design
of all beams and columns. The design is balanced in that
the maximum bending capacity of the exterior columns at a
joint is equal to the bending capacity of the beams. The
diagonal bracing was designed to carryall the applied lat-
eral load and minimize second-order effects. continuous
welded construction, Type 1 according to the AISC specifi-
cation2 , was used on all the test specimens which were fab-
I d f 1 f I 6 gf" t" 10r1cate rom stee con orm1ng to ASTM-A3 $peC1 1ca 10n .
The three-sto~y, two~bay braced test frame is shown in
Fig. 2.2~ the exterior columns are 6WF20, the interior column
6WF25 and all beams are 12B16.5. The strong axis L/rx is
approximately 45 where L is the unbraced length of the member
and r x is the strong axis radius of, gyration. These sections
were chosen on the bases of realistic frame geometry and
slenderness ratios. The columns are continuous from the base
to the top story, and the two beams at a story were cut from
a single length of steel so that the beam properties at a
given story are as similar as possible.
Each diagonal brace consists of two 1 in.-dia rods. The
design of bracing is discussed in Chapter 5. The diagonal
bracing was prestressed by means of a turnbuckle befo~'-the
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testing operation. The bracing was prestressed to offset
slackening in the bracing due to column shortening under
axial load. The prestressing operation permitted the measure-
ment of the forces in the diagonal bracing.
I
The plastic design of the rigid connections foll'owed
the procedures in Reference 11. The detail of the exterior
beam-to~column connection is shown in Fig. 2 0 2. The interior
connection did not require stiffeners.
A fixed-base condition was assumed, and the detail is
shown in Fig. 2.2~ The column was welded to a 2~ in. base
plate, and the base ,plate wa.~".,__prestressed to the foundation
by means of two 3 in.-dia anchor "bolts.
2 CD 3 Test Setup4."'~""
The testing setqp is shown in Figs. 2.3 and 2.4. A side
view is shown in Fig. 2.5. The setup was similar in each b~y
and on every floor. A single frame was tested in each setup.
Vertical loads were applied to the test frame 40.5 in. from
the center line of the beams 0 The two equal concentrated·
loads were applied to the beams thrqugh calibrated dynamometers
(to measure the load) attached to the spreader beam which di-
vided the single load s~pplied by the hydraulic loaqing system.
Tension jacks had one end attached to the spreader beam and
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*the other end connected to a gravity-load simulator. The
simulator was supported by the loading frame which was fixed
to the foundation. Lateral loads were applied at each floor
level by hydraulic jacks acting in tension.~ Mbv~ment of the
test frame out of its ...plane was prevented 'by lateral bracing
which was supported by the loading frame as shown in Fig. 2G4.
Oil was distributed to the tension jacks by a control console
which permitted a different load in each jack.
A more detailed description of the test setup and the
equipment used for testing multi-story frames can be found
in Refs. 12 and 13.
2.4 Instrumentation
The loads applied to the test structures were measured
by calibrated dynamometers. Pressure gages in the hydraulic
lines provided another indication of the loads. Strain gages
on the diagonal bracing were calibrated to indicate the forces
in the bracingtl
* The gravity-load simulator designed by Erol Yarimci of
Lehigh University, is a mechanism which permits the tension
jack to remain vertical even after sidesway of the test
frame, and it provides very little restraint against sway
of the frame. It permits an approximation of gravity load
using a hydraulic loading system. For a mor~ detailed
description, see .Ref. 12.
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Strains were measured in each member of a test frame
(nine columns and six beams) l:>Y electrica'l strain gages.
Groqps of four strain gages were placed at two locations in
each beam, 58.5 in. from the center line of the beam as shown
in Fig. 2 Q 6. The moment and axial load at these two sections
can be calculated from the strain readings and the known cross-
section properties. Since the applied loads on the beams are
also measured, the entire moment diagram for each beam can be
calculated, ~ndependent of the other 'members. The loads and
strains were input data in a computer program which calculates
the moment diagram for the beam. An actual computer output
is shown in Table 2 for beam C-I-B of test 2V3.2A for each
load increment. Loads and moments are ,in k~p-in. units.
Tension in the top flange is positive moment. The code iden-
tification system for each member is shown in Fig. 201.
Beam C-l~B is at level I between columns C and B. The moment
is computed at the six locations denoted by A through F in
Fig. 2.6.
Strai~.gages were placed at the center line and quarter
poi~ts of all columns. The strains and the sidesway deflec-
tion at each strain gage location are input data in a computer
program for calculating the moments, shear, and axial load in
the columns. The input deflection data permits the second-
273.28
order effects to be evaluated.
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The moments! shears, and axial loads have been ca1cu~
lated for all members of the frame for every test at each load
increment. This data, however, is too voluminous to include
in this dissertation. The dqta will be available to interest-
ed parties.
Deflections of the structure were measured py transits
and levels sigpting on scales. Column deflections were mea-
sured at 30 in. intervals along their lengths, and the deflec-
tions of each beam were recorded at the ends, load points,
and center line.
The rotations of the jpints and bases in each frame were
measured .by electrical and mechanical gages.
2.5 Material and Section Properties
A36 steel was used for all the test frames. In order to
mipimize differences in materials, steel from only two heats
was used. The columns, 6WF20 and 6WF25, were rolled from one
heat and the 12B16.5 beams were rolled from a different heat.
All members were cold~st~aightened by a continuous rotorizing
process. Four types of tests and measurements were performed
to determine the material and section properties : tension
tests, cross-section measurements, beam tests, and residual
273~28
stress measurements~
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1'0 Tension Tests. ..A summary of the tension tests ,conducted
is given in Table 3. Flange and web data are shown separately
since web co~pons normal~y have a higher yield stress than
flange cOl.lpons14. The static yield stress U;, ultimate stress
~g percent elongation in 8 in., strainhardening modulus Est,
and ratio of strain at strain-hardening to yield strain ~t/€y
are given. Est was measured by the method_presented in Ref. 15.
It was standard procedure to cut three tension coupons at any
section, one from an edg~ of .each flange and one at the center
line of web. This enables the bendi~g capacity of a cross
sect'ion to be calculated if the section prqperties are measured.
The yield stress from 20 flange coupons from the 12B16.5
ranges from 34.00 to 41.31 ksi while the corresponding range
for 10 web tests is 29.72 to 47.26 ksi. Although the flange
coupons exhibi t a wide range for r:r:, the two flange couponsy
at a given section gave very consistent values among them-
selves. This indicates. that material properties vary signif-
icantly along a length of steel. The standard deviation for
the flange ~y·is 1.68 ksi which is 4.5% of the average ~Y.
This deviation is significant and is approximately twice that
of the column sections. The large difference between the Vy
of flange and web for the 12Bl6. 5 means that ther,ati,o'
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f=~/My is approximately 1.4 where Mp is the plastic moment
capacity and My is the moment at first yield. For equal yield
stress levels in the flange and the web, f = 1.18.
The average Est in the flange of the 12B16.5 is 314 ksi,
which is 0.35 of the value used in the theoretical develop-
ment of local buckling requirements for plastic design
(900ksi)16. Tests by a colleague on the same cross section
(12B16.5) but from a different heat of steel gave values of
Est comparable with those presented in Table 3, which indi-
cates that the values for Est shown are not, just unique to
the particular heat of steel used for the frame specimens.
The implications of this low value for E-st are discussed
in detail in Chapter 3.
The strain at strain-hardening for the flange material
of the 12B16.5 is somewhat high in comparison with previous
measurements, with a mean of lS.9€y and a range of 16.3 to
22.2€y. The average value for A36 steel is about lO~y
according to Ref. 17.
The material properties for the 6WF20 and 6WF25 conform
to the ranges usually encountered.
, I
2 •. Cross-section Measurements. The cross sections were
measured on small lengths cut adjacent to the lengths used in
273.28 -17
the frames. Measurements were made by micrometers and vernier
calipers. The average values appear in Table 4 along with the
handbook values. The range of the measured values was,very
narrow. The handbook values of strong-axis moment of inertia
Ix are used for theoretical developments in this r~port.
The cross-section measurements were also adjacent to
the lengths used for cutting the tension coupons, thus enabling
Mp and the yield load Py to be calculated. The mean values
for Mp and Py determined from the yield stresses and the cross-
section measurements along with the values determined from
beam tests are given in Table 5.
3. Beam Tests. SirnplY-~~PP9~ted beams, loaded with two
symmetrical concentrated loads to p~ovide a uniform moment
region, were tested. The pu~pose of these tests was to de-
termine the plastic moment M and to study the lateral, localp
and web buckling behavior, if any. The results for the 12B16.5
section are discussed in Chapter 3.
The values of Mp determined from the beam tests are in-
cluded in Table 5. The Mp values show a fairly wide range of
values. The standard deviation of Mp for the l2B16.5 is 37 in-
kips with an average value of 826 in-kips. Because of the wide
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ra~e of ~ and Py measured, average values were not used for
the theoretical predictions except for those beams and columns
for which no material prqperty t~sts were conducted. More
precise values were used for individual members, based on
actual measurements. The Mp and Py values for all the members
of the three test specimens are shown in Fig .. 2.7. The values
shown are used in the theoretical predictions of the frame
behavior.
4 "d 1 h d f'" 18o ReS1 ua Stresses. T e metho 0 sect1on1ng was
used to determine the -residual stresses and typical results
are given in Fig. 2.8. There is no significant compressive
stresses in the flanges as observed from previous studies on
wide-fla~ge sections l4 . There is poor correlation between
the measured values and ,the assumed ,residual stress pattern
used in stability studies for plastic designl6 .
The usual compressive stresses at the t~ps of virgin
flanges are removed by the continuous rot~riziQg...process for
cold-straightening the members in the rolling mill. Instead,
tensile stresses are induced in the flanges, and high com-
pressive residual stresses remain in the web. This is a
more favorable distribution considering column strength.
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3. FRAME BEHAVIOR
The theoretical and actual behavior of the three braced
frames shown in Table 1 are presented and discussed in this
chapter. The loading conditions shown in Table 1 represent
the final stage in the tests. The actual loading was not
always proportional so the loading sequence for each test
will be presented. The theoretical behavior is based on the
actual loading procedure used in the tests and not on .propor-
tional loading.
3Gl Theoretical Behavior
An elastic-plastic, st~p-by-step analysis was used to
determine the maximum load by simple plastic theory, the order
of formation of plastic hinges, and the load-deformation be-
havior of each test ~pecimen. The center-line deflection of
the particular beam(s) in which plastic mechanisms formed was
chosen as the deformation parameter for comparison with test
results.
The analysis is based on the foLlowing assumptions:
1. The cross section is entirely elastic until Mp is
reachedo Plastic behavior is assumed at a cross
section after Mp is reached (no strain7hardening)
2. Plastic hinges cannot form in the connectio~s,
only in the cross sections of the connected members
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at the faces of the connections
3. Handbook values for section properties are used.
Values of M and P used in the anal.ysis are givenp y
in Fig. 207.
The load at which the first plasti,c hi'nge (8) forms is,
determined Py an elastic slope-deflectio~"analysis:en,the con-
, ", ~,:- ';: '. ~'; ::'
tinuous rigid frame. At this load real hinges are a~~umed at
the plastic hinge locations. Additional load is applied to
this "altered II structure until the next .plastic hinge forms
according to elastie analysis. The process continues~ step-
by-step, until enough plastic hinges have formed to cause a
mechanism.
3.2 Test Resul,ts
The results of each, test will be presented separately
because of the different loading conditions. The structural
behavior of each test frame is represented by a load-deforma-
tion curve. The center-line deflection of the beams is
chosen as the deformation criterion. The order in which
plastic hinges. formed is presented along with the moments at
various locations in some of the critical members. The de-
flected shape of the frames at working load6 (Pmax/l.7) and
P is also shown.
max
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1 ~ Test 273.1 -Full Vertical Load. __~h'"~H" 1,qadi}1g condition
for this test represents full gravity loads on all the,peams
"and no applied' later~l load. Referting to the general load-
i.ng condit,ion shown in Fig. 3.1, Oe75P = PI ;:::: P2 ~
P = P3 =, P~' = P5 = P6 7 and P7 = O. The proportions were
maintained throughout the test.
The load~deflection curves for the two lower-story beams
are shown in Fi,g. 3,. 2. First yielding occurred at P = 16. 7
kips in ,the beams at the interior connections of the lower two
stories, and pla~tic hinges formed ~t these locations at
P =.' 25.0 kips. L"ateral buckling of the two "lower-story beams
was observed at P = 27~6 k~psG At ,point d in Fig. 3.2 lateral
movement at one of the bracing points in beam A-l~B was ob-
servedG A maximum load of 35.2 kips was reached in beam A-I-B
and failure (defined as unloading) occurred when a local buckle
formed in this bea~ at a bracing point". The load-deformation
curves show that the behavior of the ·two beams at the lower
story was similar. The predicted maximum load was exceeded
by 7%.
It 'was theorized that the local buckl,ing was premature
due to:the extensive lateral buckling in the beams caused by
movement of bracing points. Therefore, the structure was un~
loaded ,(dot-dash line) and stiffeners welded at, .. the sections
where local buckling occurred. In addition the lateral
273.28 -22
bracing was improved to prevent movement of the bracing. point.
The structure was reloaded and a maximum load of 35 .'2 k~ps
was, reached in beam B.. I-C and unloading occur,;red due to local
buckling"
The maximum load reached was determined by the formation
of. beam mechanisms in the lower-story beams as shown in Fig. 3.3
which indicates the order and location of plastic hinge forma-
tion. A theoretical plastic hinge forms when Mp is reached.
The theoretical order of plastic hinge formation is shown by
the letters on the dashed curve. Plastic mechanisms formed
in the two beams at the lower story before the frame was un-
loaded and repaired. Plastic hinges .also formed in the beams
in the upper two stories and at the bottom of column l-A-2.
The moments at four locations in the'" beams of the I'ower
story are shown in Fig. 3.4, and the moments in the exterior
columns above and below the connection at level .1, ~ and Mu
respectively I ar,e shown in Fig. 3.5'. The locations of the
moments in the beams, Mb through Me' have been discussed in
Section 2,.4 and are shown in Fig. 2.6.' Mb and Me refer to
moments in the beams at the faces of the exterior column and
interio~ column, respectively, and Mc and Md are moments at
the loading points. Figure 3.4 indicates ~hat Mp is first
reached in the beam at the face of the interior column.
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The moment at this section continues to increase above Mp by
more than 24% at the maximum load.
Figures 3. 3 through 3. 5 show that ,the behavior of the
struct~re was not symmetrical even though the structure is
loaded symmetrical~y. The moments at the loading points,
Me and Md' are larger in beam B-I-C than in beam A-I-B.
Figure 3.3 shows that Md reaches Mp at a lower load in beam
B-I-C. In beam A-I-B, Mb and Mc reach Mp simultaneously
(hinges No.5), whereas considerable deformation occurs be-
tween the hinge formation at the same locations in Beam B-I-C
(hinges Nos. 3 and 8) ~ The moments in column A are larger
than the corresponding moments in column C as shown in Fig.
3.5. The unsymmetrical behavior is caused by rotation of the
IIfixed ll bases. The moment and rotation at the bases of columns
. A and C are shown in Fig. 3.6. The base at column C was much
more flexible than that of column A e Consequently column A is
stiffer than column.C which results in higher moments in
column.A.
The deflected shapes of the beams for Tept 273.1 are
shown in Fig. 3.7. The dashed curve represents deflections
at Pmax/l.7, and the deflected shape at maximum load (before
unloading for repairs) is shown by the solid lines. The
maximum deflections occur in the two beams at the lower story
273~28
because of the formation of a mechanism.
Som~ typical details of the structural behavior are
shown in Figs. 3.8 through 3.11. An interior connection
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after hing~s have formed in each beam is shown in FigCl 3.8.
,Lateral buckling of one of the beams at ultimate load is
shown in Fig. 3 0 9. The beam was braced at the unpainted
areaso The unbraced L/ry was 35. The beam buckled between
the bracing points. Figure 3.10 shows local buckling at a
plastic hinge location near a loading pointCl A beam~to~column
connection after a plastic hinge has formed in the beam at the
column face is shown in Fig. 3011.
20 ,Test 273.2 - Checkerboard Loadingo In this test
factored dead loads were placed on all beams and factored live
load placed only on the beams of alternate bays and stories
to provide a checkerboard loading condition. The test loading
was applied in two main steps; first the factored dead load
was applied, then the factored live load, in the following
manner referring to Fig. 3.1:
1 ~ Dead Load 0 ~ p ~ 18 . 9 kips
~ P = PI = P2 : P = P3 = P4 = Ps = P6
2 ~ Live Load 18.9~P ~35.l
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The load-deflection curves for the two beams loaded with
full dead and live load are given, in Fig. 3012. First yielding
occurred in beams A-l-B and B-2-C at the face of the interior
connection at p = 16.0 kips, and the first plastic hinges
form at the same locations at P = 27.4 k~ps. At p = 32~8 kips,
yielding was observed at the lower end of column l-A-2. In
addition, yielding started in beam A-I-B at the face at the
exterior' connection and lateral buckling commenced between
the load points. ·The maximum load attained was 35.1 kips which
is the same as the predicted load. Unloading was caused by the
formation of a local buckle in beam A-I-B.
The order of, plastic hinge formation is given in Fig. 3.13.
Plastic hinges formed at the ends of the beams and at the top
of column l-A-O. A theoretical mechanism did not form, but
the predicted load was reached. Theoretically, mechanisms
were expected in the beams loaded with P. The moments 'in these
critical beams are given in Fig. 3014. ·For both beams the
moments at the ends reached and exceeded the M value. Thep
moment at the load point M did not reach M to complete a·
c p
theoretical mechanism. In beam A-l-B M attained a value, c
of 0.94 Mp ' and Mc reached 0.96 Mp in beam C~2-B. Figure 3~l4
shows that the maximum value of Me in beam A-I-B (791 k-in) was
not reached at,P
max
(35.1 kips) but at a lower load, P=34.2 kips,
which indicates unloading took place at location c in the beam.
273.,28
The deflected -shape of the frame at P
max
(solid) and
Pmax./1.7 (dashed) is shown in Fig. 3.15.
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3. Test 273'.3' - Wind Lo,ad and, Unsymmetrical vertical Loads ..
Current design s.,pecifications, per.mi t higher allowable
stresses in struct.ur.es subjecteq. to combined gravity and wind
2forces. In plastic design methods a lower load factor (1.3) is
6
used'. ,Therefore, lower factored values of. dead and Iive gravi ty
loads O(p . x 1. 3~ were first applied, then wind load alone.
. . max . 1.7·
Because combined loading did not givern the design of the frame
(see Section 2. 2) ," the frame could resist additional loads c.
These were applied proportionally to P
max
. The actual test
loads were applied in four major ph~ses as follows:
1. Factored Dead Load, a ~ P 6 13.6 kips
2. Factored Live Load, 13 . 6 6: P ~ 27 • 8 kips
p = 07
3 Cl Factored Wind only, holding load phases ·1 and ·2 above.
P1 through P6 = 0 : 0 b P7 ~ 4.5 kips
4. After the phases 1,2, and 3 above were applied, the
loads had the approximate proportions shown in Fig. 3.16.
These proportions were maintained until P (36.4 kips)
max
was reached.
27.8 ~ p ~ 36.4 kips
~ P = P1 = P2 : P = P3 = P6
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The load-deflection curves for the two beams loaded with
full dead and live load are given in Fig. 3.160 First yielding
occurred in beam A-2,..B at the interior connection at P=17.1 ki,ps
during the second loading phase. Plastic hinges formed in
beams B~l-C and A-2-B at the interior connection at the comple-
tion of the second loading phase, P = 27. 8 kips'~ , During the
application of the wind load alone, no additional yielding
or formation of plastic hinges occurred~ During the last load~
ing phase (p.l:'oportional loading) lateral buckling was ob-
served in beams B-l-C and A-2-B at P b 32.1 and 35.6 kips
respectively. The behavior of these two beams is similar up
to a center-line deflection of approximately 2 in .. A max-
imum load of 36.4 kips was reached after which unloading oc-
curred due to local buckling in beam B-I-C. The maximum load
exceeded the predicted value by 4%.
The behavior of the diagonal bracing is presented sepa-
rately in Chapter 5, where the interaction of the frame 'and
the bracing is discussed.
The order of plastic hinge formation is given in Fig. ·3e17.
Mp was reached at the ends of the critical beams but not under
the load point as expected. Figure 3.18 shows that ~c reached
0.94 Mp in beam A-2-B and 0.93 Mp in beam B-I-C and that Me
unloaded in beam B-l.-;C prior to reaching maximum load.
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The deflected shape of the frame at maximum load is given
in Fig. 3.19. The sidesway deflection at the top of column
.A was 0.48 in. Slightly larger side~way deflections were re-
corded for column C. This was due to the significant shorten-
ing of beam B-I-C which was loaded with P.
3.3 D~scussion of Test Results
In all three frame tests the predicted maximum load
b~sed on simple plastic theory was reached or exceeded. The
wind load had no significant effect on the maximum vertical
load carried by the braced frame as seen by comparing the max~
imum load for tests 273.2 and 273.3.
In test 273.1 a mechanism formed in the lower-story beams
as expected. The predicted load was exceeded by 7%. The in-
crease was due to strain-hardening at the ends of the beams.
The moment in the beams at the face of the interior connections
exceeded M by 24% due to strain-hardening.p
Figure 3.3 shows that the frame design was balanced.
Plastic mechanisms formed in the beams, and Fig. 3.5 indicates
that the column moment above the joint has reached Mpc and the
moment below the joint is at 0.85 Mpc '
The plastic hinges in the test frame usually formed at a
higher load than predicted by simple plastic theory, as shown
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in Figs. 3.3, 3.13, and 3.17, Because the connections are
not completely rigid, the IIfixed ll bases rotate, and idealized
elastic-plastic beam behavior is assumed. The order in which
the plastic hinges formed in beam A-I-B compares favorably
with the theoretical order in which hinges d and e form almost
simultaneously. The plastic hinge formation in beam A-I-B
gives better correlation with theory than beam B~l-C because
the base rotation at column A more closely approximates the
fixed-base condition assumed in the theroy as shown in Fig.3.6.
The different base rotations influenced the load at which
particular hinges formed but did not affect the maximum load
carried.
Figure 3.4 shows the redistribution of moments when plastic
hinges form. When Me reaches Mp the slope of the Me curve de-
creases and the slopes of the moment curves at the other loca-
tions where hinges have not formed correspondingly increase~
The Me-P response in Figs. 3~14 and 3.18 shows a bend
in the curve. This is caused by the discontinuous loading
cycles for tests 273.2 and 273.3. The maximum loads in these
two tests show good correlation with theory even though theo~
retical beam mechanisms did not form. This is due to strain-
hardening at the ends of the beams~ If strain-hardening did
not occur, the predicted load would not have been reached.
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Figure 3.4 shows that Me is actually unloading in beam
A-I-B at maximum load. A similar behavior was observed in all
the tests. In fact, in tests 273.2 and 273.3, Me did not
even reach Mp . This was caused by the lateral and local
buckling.
In a plastic design using A36 stee1 1 the bit ratio for
'wide-flang~sh~pes is ' limited to 17. This limitation enlsures
that the flange elements can reach strain-hardening before
local buckling16 . The bit for the 12B16.5 beam section used
in the frame tests is 14.6 which is well within the prescribed
limit.
The inelastic loc.al buckli,.ng equation. was developed by
I I 19Haal.Jer
b
""E 3.1
where G is the shear modulus at strain-hardening, taken to
be 2400 ksi from experi~ents.
rived a value for 'G,
5
More recently Lay has de-
2
h
1 + 4 (1+ \f )
3.2
where Ge is the elastic shear modulus (11,350 ksi)c- t h is the
ratio E/Est ' and )fis Poisson I s ratio. L<ay used a value of
,h = 33 (Est = 900 ksi) for A36 ·steel from Haaijer, which ,results
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in G ~ 3080 ksi from Eq. 3~2 and a bit of 18.5 from Eq. 3.1.
It should be noted that Haaijer used a value of Est = 900 ksi
-- k .19
even.though testresu1ts showed an-average value of 755 S1 .
The average value of Est for th~ flanges of the l2B16.5
section used in the test series is 314 ksi from Table 3.
This gives a value of h = 94 and from Eqs. 3.2 and 3.1,
G = 1190 ksi and bit = 11.5. Since the actual bit is 14~6,
the b,lt from :Eg.. 3.1 is exceeded, and the section would not
b Ott d' 1 t' d .16e perm1 e 1n p as 1C eSlgn·.
Beam tests on the 12B16.5 showed that Mp could be reached,
but local buckling and web buckling occurred befope the average
flange strain reached strain-hardening. Since the plastic
design rules for bracing spacing assume Eq. 3~1 is satisfied
the bracing spacing rules could not ensure ~at ~ could be
reached.
It is of interest to note that if Est for t~e 6WF20
listed in Table 3 is used, the critical bit from Eqs. 3.2 and
3.1 is 15.5. The actual b./t is 16.6 which means that the 6WF20
section does not satisfy Eq. 3.1. However, beam tests on this
section which had a uniform moment region 40 in. long showed
that the section could be stressed well into strain-hardening~
In four beam tests" unloading never occurred and only a slight
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indication of local buckling was observed. The beam tests
,were stopped for safety considerations because of large deflec-
tions (center-line deflection of approximately 10 in. with a
distance between supports of 120 in.)
In summary, th~ beams and exterior columns used in the
test series do not satisfy the local buckling requirements
according to the theoretical develoEments by Haaijer and Lay
because of the low value of Est in the test material. However,
the expected load was reached or exceeded in all the tests
because strain-hardening at the ends of the beams and the
small amount of rotation required by the hinge under the load
point (the hinge was expected to form very near maximum load) .
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4. BEAM-COLUMNS
In the previous chapter the results of three braced
frame tests were presented. In all cases the beams deter-
mined the strength of the frames. Plastic hinges formed in
some of the exterior columns, which were always bent in
double curvature. In all cases the theoretical bending
capacity of the exterior column was Mpc .
In the interior columns of a multi-story frame, the
loading conditions can be such that the columns are bent
in single curvature, a more severe case for beam-column
strength20 . The maximum load of the column is determined
by the subassemblage concept in Ref. 8 and presented
schematically in Fig. 1.1.
The two subassemblage tests, 273.2A and 273.3A, shown
in Table 1 placed part of the interior column in single
curvature. The behavior of the interior beam-column was
presented as part of the subassemblage.
The braced subassemblage test specimen is shown in Fig.
4~1. Since the specimens were salvaged from two of the braced
frame tests, the section properties of each specimen are given
in Fig. 2.7. The interior column is 6WF25 with an L/r = 43.6.
Real hinges were fabricated in the 12B16.5 beams at two
273.28 -34
locations, 16 in. from the center line of the interior column.
A typical hinge is shown in Fig. 4.2 (the extensive yielding
in the beams near the hinge occurred during the braced frame
test, and the column yielding during the subassemblage test).
4.1 Theoretical Behavior
In the tests on the subassemblages, both the axial load
and moments in the columns varied continuously. In addition,
the test loading was discontinuous. Methods are available
using the subassemblage concept for calculating the load-
deformation of the continuous cOlumn8 . However, the analysis
assumes that the axial load remains constant and the applied
moments vary from zero. The charts and curves required for
the subassemblage analysis of the continuous column must be
interpolated over a wide range of axial loads.
Cons~quen~ly, the subassemblage concept was used only
to determine the maximum load using the tests values for the
ratios of end moments. For the range of F/Py encountered in
the tests (F/Py f.60) where F is the axial load in the column,
and L/rx = 43.6, the charts in Ref. 21 show that the strength
(moment capacity) of columns O-B-l and 2-B-3 in Fig. 4.1 is
Mpc and that the columns have large rotation capacity. These
two columns are always bent in double curvature.
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Column I-B-2 is subjected to single curvature bending.
Since the columns above and below this column have large
rotation capacities, the strength of the single curvature
column, as part of a subassemblage, can be found directly
from maximum strength tables 22 . In the use of these tables,
the ratio of the end moments applied to the beam~column is
required. This ratio was determined directly from the test
results. In summary the theoretical maximum moments shown
in later figures are calculated as follows:
Columns O-B~l and 2-B~3 : Mmax = Mpc
Column 1-B-2: Maximum strength tables, Ref. 22
4.2 TestResults
The two subassemblage tests were loaded in a similar
manner. First, the beam loads P in Fig. 4.1 were applied
until the moment in the beam at the face of the interior
column was Mp . This beam load was less than that required
to formi an entire mechanism in the beam. The beam loads,were
then held constant while load PI was applied at the top of the
interior column. The load Pl was increased until the beam·
loads, P could no longer be maintained. thenThe loads P wereAap-
plied until local buckling occurred in the beams. The direct
loading of the beams represents the loading condition in a
multi-story frame as compared to previous tests in which
273.28
moments were applied directly to the joints5 .
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The two specimens used in the test series were different
in one respect: the beam-to-column connection at the interior
column. In test 273.3A diagonal stiffeners were used in the
connections as shown in Fig. 4.2. The stiffeners were ·re-
quired by plastic designll but were omitted in the specimen
for test 273.2A. As a result the interior connection in test
273.2A could not resist a moment as large as the beam M 0
P
1. Test 273.2A. The moment-deformation behavior of test
273 0 2A is presented in Figs. 4.3 and 4.4. The rotations of
the interior column joints are used as the deformation para-
metere Entering the lower graphs Fig. 4.3 with the beam load,
the rotation of the joints can be determined as shown by the
dotted line. The moments in the columns and beams correspond-
ing to the rotation can also be determined. M1 - O represents
,the moment at the top (level 1) of column O-B-l, Ml _ 2 the
moment at the bottom (level 1) of column I-B-2, etc. The
moments Me and Mb in the beams are at the faces of the interi-
or and exterior columns, respectively, as in the previous
chapters. Md is the beam moment under the load point.
At &1 ~ 0.02 radians the rotations begin increasing.
This was caused by the shear deformation of the beam-to-
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interior column connection. One of the connections after
completion of the test is shown in Fig. 4.5. Significant
yielding in the web of the 6WF25 column is evident. As a
result Me did not reach the desired moment (Mp ) prior to
the application of the column top load.
The moments in the interior columns are presented in a
non-dimensional form in Fig. 4.4~ The critical (largest) end
moment in each interior column is given by the solid lines
along with the ratio q (dashed) of the end moments of column
I-B-2 which is bent in single curvature. The dotted curves
represent the theoretical maximum moment in each column.
The location of plastic hinges in the structure is shown
in the inset of Fi,g. 4.4. Hinges formed in the columns of
the top qnd bottom stories. A hinge is shown in column l-B-2
to indicate that the theoretical ,maximum load for the column
has been reachede The plastic hinge forms somewhere between
the ends of the column since the column is bent in single
23
curvature . Figure 4.6 shows the yielding pattern in the
column above and below a joint which is characteristic of
plastic hinge formation at these locations.
The maximum F/Py ratios recorded in the interior columns
are 0.60, 0.49, and 0.40 in columns O-B-l, I-B-2, and 2-B-3
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respectively where F is the axial load in the column and Py
is the axial yield load.
2. Test 273.3~. The subassemblage was loaded in the
manner present,eCi .previous~y. However, because of the diag-
onal stiffeners in the connection, larger beam loads and
hence larger moments at the joints were applied. The con-
nection is shown in Fig. 4.2 after plastic hinges have formed
in the columns. There is no significant yielding in the con-
nections.
The load-deformation behavior is presented in Figs. 4.7
and 4.8. The nomenclature is the same as that used for test
273.2A. The moments in the beams and interior columns are
given, compatible with the measured rotations. Load PI was
applied after Mp was reached at location e in the beams.
The applied joint moment Me in beam A-l-B began decreasing
at point a on the load-deformation curve although there was
no corresponding decrease in the applied beam load. At point
b the beam load began to decrease.
The non-dimensionalized column moments (solid), q(dashed)
and the location of plastic hinges are given in Fig. 4.8. The
theoretical predictions for maximum column moments are repre-
sented by the dashed lines. At maximum rotation plastic
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hinges have formed at the ends of all the beams and at one
end of columns O-B-l and 2-B-3. The plastic hinge shown in
column l-B-2 indicates that the theoretical maximum moment
has been reached.
The maximum F/Py ratios recorded in the interior columns
are 0059, 0.47, and 0.36 for columns O-B-l, l-B-2, and 2-B-3
respectively.
403 Discussion of Test Results.
In the two subassemblage tests, the predicted maximum
load of the single curvature cqlumn based on the subassemblage
concept was exceeded by 8% and 2% for test 273G2A and 273.3A
respectively. In both tests, each column reached its maximum
loado Failure (maximum load reached and then unloading) was
not confined to one column. Moments in the interior column
of both tests were redistributed until the 'maximum load of
each column was reached. Increased rotations then caused un-
loading at tHe joints which was exemplified by eventual failure
of the beams.
The redistribution of the column moments is shown by the
values of q in Figs. 4.4 and 4gB for column I-B-2. In both
tests q decreases after the maximum load is first reached. In
the single curvature case, further rotation would normally
start unloading in the column. However, the column actually
maintains its car~ying capacity by reducing the value of q
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without reducing the appl,ied j oint moment ..*n. r~.~~$, i._~ S119wn. it?-
,):fig. 403 where the sum of the column moments at joint 1" M1o=>O
and Ml-2 is equal to Me in beam B-l~Cc After PI is applied
and the joint is rotated, Ml - 2 increases and M1_ O remains
constant which results in a net increase in the joint moment
Meo At joint 2, the applied moment Me in beam A-2-B remains
constant during the rotation of the joint. The column moments
at the joint show that M2-_ 1 has decreased while M2=3 has in-
creased which produce a net effect of no change in joint moment 0
However" the redistribution of moments at joint 2 results in a
decrease in q which increases the strength of column 1~B~2.
In Fig. 4.4 the redistribution has produced a plastic hinge
at M2~3. This indicates that further rotation beyond that
shown cannot take place (neglecting strain~hardening) without
joint unloading because q can 'no longer be adjusted due to
the fact that the columns above and below column I-B-2 have
reached their maximum cap~city. The theoretical maximum values
of Ml - 2 in Figs. 4.4 and 4.8 are based on test values of q.
The tests have shown that the subassemblage concept in
design will give conservative results for rotation capacity
because no redistribution is assumed. The tests indicate
that larger rotations can take place without unlaoding the
~joints due to redistribution of moments in the columns them-
selves.
5 • WIND BRACING
The typ~ of bracing considered in this report is the full-
diagonal type shown in Fig. 5.1. T~is type of bracing is de-
signed to resist lateral loads and is not used to increase the
bending stiffness of the frame. Any bracing system which can
provide resistance to lateral loads if all members of the
frame are assummed to have only axial stiffness can be classi-
fied as diagonal bracing. Only the full diagonal bracing
shown in Fig. 5.1 is considered herin. However, the theoret-
ieal developments can be applied without difficulty to other
types of diagonal bracing24 .
5.1 Philosophy o~ Wind-Bracing Design
The general purpose of wind bracing is to ensure the
strength and stability of the structure when subjected to
lateral loads. In addition the bracing must _provide a struc-
25,26
ture with sufficient rigidity for comfortable occupancy .
The deflection requirement at working load is rather ob-
scure because of the human element in~olvede Experience has
shown, however, that in extremely high tower design (high ra-
tic of building height to base width), a computed deflection
at the topcf the building of 0.002 h , where h is the build~
T T
ing height, based on a triangular loading increasing from zero
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at the base to 30 Ib per sq ft at the top gives satisfactory
behavior. (Limits of two or three times this value seem to
be satisfactory for structures with low building height to
base width ratios). The wind loading recommended by the ASCE
J , I I I ld Q 27 I "fsubcomm~ttee on W1nd Brac1ng 1n Steel Bu~ 1ng8 18 a unl orm
load of 20 Ib per sq ft u.P ,to a height of '300 ft. Under this
loading the theoretical deflection would be approximately
O.003hT
28
which could provide comfortable occupancy.
The forces and deformations in a braced structure are
shown in Fig. 5.1. It is assumed that the diagonal brace
takes all the lateral load. For analysis purposes the struc-
ture is a vertical truss with pinned joints. It is further
assumed that 8,/L '< 1. 0 where ~ is axial deformation and L is
member lengthe.
The deflection at the top of ·the frame 6 T due to'defor-
mations in the bottom story is
~ = A3 + A2 (hT-h)
I I
web chord
drift drift
5.1
It is composed of two parts i the effect of beam and bracing
deformations (web drift) and the effect of differential column
shortening (chord drift). In tall slender buildings chord
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drift will provide the principal contr.ibution to A , whereas
T
web drift is most important for low bui1dings24 .
Neglecting the effect of column shortening on web drift,
that is, assuming ( lab-Oed) tanO< = 0, then
A, = Vb
h E
2
sin 2~
5.2
where v.. is the stress in the bracing. Figure 5 II 2 shows
b ~,
the variation in V'b from Eq. 5.2 for various values of h
and~ . If ~ and the allowable deflection at working load
are known, then Fig. 5.2 can be used to determine if strength
or deflection governs the design. When deflection governs
the design, it gives the permissible stress in the bracing.
The allowable design stress for A36 steel (28.8ksi) based on
the 1963 AISC speeifieation2 is spawn in Fig. 5.2. If it is
A,
desirable to keep the h '= O. 002 for a particular design, then
the full allowable stress can be utilized when 38°6 ~ 6 52°.
For values of~ outside this range the stress in the bracing
must be reduced, that is, deflection and not strength governs
the design. When AI must be reduced to values below O.002h
because of significant chord deflections then deflection will
govern ,the design of the bracing for steels with ~ ~ 36 ksi.y
In plastic design a braced frame is defined as one in
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which the sway-type mechanisms? are eliminated - only beam
mechanisms are permitted to formo The diagonal bracing, there-
fore, must be designed to prevent a sway mechanism from form-
ing at the factored design load. This can be accomplished in
one way by_ .. desig,ning the bracing to carryall the factored
lateral loads so that th~~bending stiffness of the fr~m~.~pes
not have to be checked for lateral loads.
The most economical bracing would just reach the yield
stress when subjected to the factored working loads. If the
load fac,tbr is 1.3 when wi,rid is present I the stress in the
bracing at working load would be Vy /l.3. When A36 steel is
used, the stress in the bracing at working load is 27.7 ksi
as shown in Fig. 5.2. The bracing can be designed for its
full strength Vy when 36°6 ~ ~ 54° provided values of
~, ~ O.002h can be tolerated at working load. Figure 5.2
shows that high strength steels are not economical for diag-
onal bracing unless the deflections caused by web drift can
be greater than O.002h.
The structural frame and the diagonal bracing actually
work together in resisting lateral loads. If the frame itself
is as stiff as the diagonal bracing, the frame will carry one-
half, of th~":'.:,l~teJ:7al .load-;:: ' The amount of bracing steel can be
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reduced if the bending stiffness of the frame is utilized in
resisting lateral loads. An approximate method for evaluating
frame stiffness in pLastic design is given in Ref. 29. Whether
or not the lateral bending stiffness of the frame should be
considered when designing the diagonal bracing depends on the
particular structure. However, if the frame stiffness is
considered, the bending stiffness of the individual members
(beams and columns) must be checked for the lateral load the
frame is assumed to carry.
,In most building design the secondary moments and forces
caused by deformations in the structure are neglected because
they are usually considered small. This may not always be
true especially when axial loads in the columns are large in
the presence of lateral loads30 . Either the additional moments
(sometimes known as the p-~ effect3l ) must be included in the
design of all the members, or the deformations must be kept
small enough so that the effect is negligible. The diagonal
bracing can.be designed to minimize the P-A effect. One way
of accomplishing this is to limit the P-6 effect in any column
to a particular percentage of its permissible bending capacity
under axial load M , for example 5% on the assumption that apc
5% additional moment would not affect the design of the beams
and columns in the frame. The bracing used in the test program
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considered herein was designed using this ..philosophy. It was
assumed that the PA moment in each column (~, x F) was dis-
tributed equally to the top and bottom of the column so that
L 0.05 Mpc
5. 2 Load-l?,eformat'ion Characteristics of the Test Bracing System
The diagonal bracing was designed as a tension syst~m
and is shown in Fig. 5.3. It was assumed that only the bracing
in tension (shown solid) resists the lateral load H. Because
of clearances the bracing could not be placed in the plane
of the frame. The total bracing area chosen (1~57 sq in.)
was supplied by two, one-in. diameter rods (slenderness ratio
of 1520). One rod was placed on each side of the frame so
that the resultant force would act in the plane of the frame.
The same bracing size was used on all the tests for conven-
ience. The bracing was attached to the frame by end fixtures
shown schematically in Fig. 5.3, and the bracing was pre-
stressed to ~pproximately 4000 psi before loading. The pur-
poses of the prestressing were to offset the slackening effect
of column shortening3l during testing, to remove most of the
sag in the bracing since the slenderness ratio is high (1520)
and to reduce the influence of the end fixture on the total
deformation of the system. These latter two effects will be
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discussed more fully in the following sections.
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1. Slenderness Ratio. When a structural member has a
large slenderness ratio and has sufficient length, the member
sags under its own weight W as shown in Fig. 5.4b. The support
32
given ,pymoves a distance A L
AL ~ 1 rL
2 0
2
dy dx
dx
5.4
assuming ~'L « L. For a simply-supported beam, Eq. 5.4
becomes
~L = 17
40320
5.5
where I is the moment of inertia in the plane of bending and
E is the modulus of elasticity. If the system is subjected
to a tensile load as shown in Fig. 5.4c, the support will move
a distance s due to sag given by
5.6
where AL, is also giv:en by Eq. 5.4.
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For the case shown in Fig. 5.4c the deflection y is
given by33
[
cosh (p~ PL- px) - l] + ,~ (L-x)
2F "
cosh _.-,
2
5.7
2
where p F=--EI
Differentiating Eq. 5.7 with respect to
x and substituting into Eq. 5.4 gives
where
L = [.Ii. -2 + 2-3 2
2
U =
tanh U
U
1
22cosh U J 5.8
5.9
The axial deformation d due to axial load alone is
r = FLo 5.10
AE
where A is the cross-sectional area of the member. The
total axial deformation Ct is the sum of Eqs. 5.6 and 5.10.
eft s
"6 = 1 + (\
Since
W = Aq
5.11
5.12
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where q is the weight of steel per eu in. (0.2851b),
Eq. 5.11 becomes
eft - 1+ lU~ l~tt -l~[ E $ J[u"2._ stqnh u - I J
<f - 4032.0 E (f) (~t(~)J -3 2 t 2 U 2cosh'u 5.13
where r is the radius of gyration about the bending axis.
For an inclined bracing member shown in Fig. 5.4d, Eq. 5.13
becomes
and is shown graphically in Fig. 5.5 by the solid lines for
a stress in the bracing (~) of 22,000 psi. For Lb/r ~ 200
the effect of sag is less than 1% of the axial deformation
6 for h ~ 40 ft~ At a slenderness ratio of 300, the sag
effect is 10% of d for Lb = 40 ft. As h becomes smaller,
a larger slenderness ratio can be tolerated before the sag·
effect becomes significant.
The solid curves in Fig. 5.5 are based on an initial
condition of no axial stress in the member. An initial pre-
stress in the bracing has a very significant effect on the
, .1
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axial deformations due to sag. The dashed curves in~ Fig; 5.5
show the deformation characteristics for bracing with a-pre-
stress of 4000 psi. The data for the curves were calculated
by first substituting a stress of 4000 psi in Eq. 5.14, then
a stress of 22,000 psi, and computing the difference between
the two results. The slenderness ratio of the bracing can be
increased from 350 to 1000 fo~ h = 30 ft with the sag effect
within 10% of a if the bracing is prestressed to 4000 psi~
The test bracing was prestressed to approximately 4000 psi
before the application of vertical or lateral loads. The
theoretical effect of sag on the extension of the bracing is
shown in Fig. 5.5. The axial extension due to axial load is
also shown.
2. End Fixturee Tests were conducted on the end fixtures
used to attach the diagonal bracing to the frame. The purpose
of the tests was to establish the deformation characteristics
of the fixture. The test results shown in Fig. 5.6 indicate
that the fixture is fairly flexible up to loads of two kips.
Since the bracing was prestressed to an equivalent HT of 5.7
kips, the deformation contributed by the end fixture is mini-
mized~ The effect, however, is still very substantial, with
the fixture providing deformation almost equal to the axial
deformation of the bracing rod 'itself.
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3. Combined Effects. The combined effects of sag, axial
stress in the bracing rod, and deformations in the end fixture
establish the total response of the tension diagonal to a
shear force HT shown in Fig. 5.7. The extension characteristic
of the bracing area itself (Eq. 5.10) is shown for comparison
by the dotted curve. The deformation of the bracing system,
shown by the solid curve, is approximately twice that of the
bracing rod alone.
The true bracing .system response shown by the solid lines
can be approximated by Eq. 5.10 py substituting for the actual
area A (1.57 sq in.) an A-value which would be equivalent to
the response of the entire bracing system. By the average
area method, the equivalent area is 0.85 sq in., and the
characteristic is shown by the dashed lineo The equivalent
bracing area is used for the theoretical solutions of frame~
bracing interaction in resisting horizontal shear.
4. Prestressing. All bracing members shown in.Fig. 5.3
were designed for tension only. The Euler buckling load 34
for the test bracing (2 - 1+ rods) is 0.199 kips which is very
small compared to its ten~ion yield capacity, 56.5 kips. When
the IIcompression" braces shown dashed in Fig. 5.3 go into
compression, they cease to be an effective bracing member.
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Since all bracing members were originally prestressed the
"compression" braces are subjected to a residual tensile force.
When shear is applied to the structure both the tension braces
and the "compression" braces will resist the load provided
the net force in the compression brace is tensile. If all
the braces in a story have the same area, as in the test
frames, the effect of the prestressing is to double the
effective tension brace area. For a given story shear, the
deflections will be one-half those produced by a bracing
system which is not prestressedo
The shears in the tension and compression diagonals,
HT and He respectively, and the deflection ~ at the bottom
story for test 273.3 (lateral load·"plus checkerboard vertical
load) are given by the solid lines in Fig. 5.8a. A pre-
stressing shear of approximately 5.5 kips was placed in each
brace initially. There was a slight unbalance between the
prestress in the tension and compression diagonals.
As the frame deflects the stress in th~ tension brace
increases, whereas the tensile force in the II compression II
brace decreases to zero., The theoretical deflection from
Fig. 5.7 is shown by the dotted lines. The theory shows
good agreement with the test results.
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The total shear in the bracing system is the difference
between the shears in the tension and compression diagonals.
The total shear is plotted in Figo 508b. The test results
(solid line) show very good agreement with the theory ac-
counting for the prestress in the compression brace shown
by the dotted linee If the effect of prestressing is not
considered, theory (dashed line) shows poor agreement with
tests~ The point at which the stiffness of the bracing
system decreases corresponds to the point at which the
f1compressionll brace goes into compression. The prestress
was very effective in reducing the deflectionsQ
5.3 Theoretical.frame-Bracing Interaction
If a structural frame has bending stiffness, it will
resist some of the lateral load even if the bracing is de-
signed to carryall the lateral loadG The amount of lateral
load the frame resists depends on its stiffness relative to
the bracing stiffness. The theoretical interaction of the
test frame and various bracing sizes is shown in FigG 5.9.
The stiffness of the test frame was obtained by matrix
methods using a computer, and the solution is based on the
assumption that the frame is entirely elastic.
The solid line on the right side of Fig. 5.9 shows
the amount of shear carried by the bracing and the frame.
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For the bottom stQry, the sum of the two components must
always equal 3.0 kipso Since the frame stiffness is a'ssumed
to remain constant, the theoretical interaction for various
bracing areas will be a straight line. If the bracing is
infinitely stiff the bracing will resist all the shear and
A/h will be zero (point a). When the frame carries all the
shear, that is, when there is no bracing, A/h = 0.0012 by
an elastic analysis of the unbraced test frame (point b) c
A straight line connecting these two points defines the
frame~bracing interactiono
The solid curve in the left portion of Fig. 5.9 is de-
rived from Eq. 5.2 based on the shear in the bracing and the
bottom story deflection from the right portion of the figure.
The ,dashed curve is based on the assumption that only the
bracing resists lateral load.
Figure 5.9 can be used to determine the influence of
~rame stiffness for any bracing area. For example, if the
area of bracing is 0085 sq in., the equivalent area of the
actual bracing used in the tests, entering the curves shows
that the bracing shear is 2.22 kips, the frame shear is 0.78
kips or 26% of the applied shear, and A/h= 0.0003. When the
compression bracing also acts in resisting lateral loads be-
cause of prestress, the total effective bracing area is 1.70
sq in., the effect of the frame is reduced to 14%, and A/h
273.28
decreases to 0.00017.
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5.4 Behavio~ of Bracing
The behavior of the bracing will be presented for test
273.3 'because the applied shears were the largest in this
test. The loading on test frame 273.3 was applied in the
following four distinct operations as outlined in Chapter 3:
1. uniform factored dead load on the beams i
symmetrical, vertical loads, load factor =1.3
2. factored live load equal to the factored
dead load above on alternate floor and bays,
checkerboard loading
3. factored wind load
4. all loads (1,2, and 3 above) increased pro-
portionally
The history of the shear force in the bracing of the bottom
story caused by these loads is shown in Fig. 5.10. The dead
loads are symmetrical and they are applied to a symmetrical
frame. Consequently no unbalanced shears are applied to the
frame theoretically. Th~ applied live loads (checkerboard.
loading) are unsymmetrical, and they produce shear in each
story level which is resisted by the bracing. The wind load-
ing and proportional loading also produce shear in the frame.
The external wind s'hearsapplied to the frame are shown
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by the dotted line in Fig. 5.10. During the application of
lateral load alone, the shear in the bracing system is less
than the applied wind shear because the frame itself resists
some of the shear. At maximum load the shear in the bracing
is almost equal to the wind load. At first this would appear
to be a result of deterioration of the frame stiffness due
t th f t " f 1 t" hi 35o e orma 10n 0 p as 1C 1nges . This is not the case
for this test. The reason for the coincidence is the presence
of large shears caused by vertical loads during the proportional
loading phase as will be shown later in this section.
The horizontal deflection of the bottom story is shown
by the solid line in Fig. 5.11. The theoretical prediction
shown dotted accounts for the frame stiffness and assumes
the frame is entirely elastic. The bend in the theoretical
curve is caused by the termination of the prestress effect
in the compression brace, thus reducing the bracing stiffness.
The agreement between test and theory is good when the wind
loading alone is ~pplied, considering the measurement sen-
sitivity. Some of the difference can be explained by the
fact that the theory does not account for the P-Amoments and
plastic hinges have reduced the frame stiffness by 25% as
discussed later. At the maximum load the theory under-estimates
the actual deflection by 33%. This difference is caused
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primarily by shears due to vertical load as discussed in the
following sections.
1. Checkerboard Loading. The shear in the bracing system
and the summation of the column shear for the bottom story of
test 273.3 during the applic~tion of the unsymmetrical vertical
load only are given in Fig. 5.12. Since no external horizontal
loads are present, the summation of the column shears should
equal the shear in the bracing system for equilibrium. This
equilibrium check is good withiri the measurement sensitivity.
The theoretical prediction shown by the dashed line is
based on an analysis of an elastic frame with an elastic
bracing system shown in Fig. 5 .13a~. The shearin the columns
which must be resisted by the bracing is 0.0418P. Theoretically
plastic hinges form at the locations shown in Fige 5.13c when
,the factored Iive load is 10.6 ki,ps so that the elastic analysis
of case a should only be valid for P ~ 10.6 kips. The actual
test hinges, however, did not form in the bottom story until
the factored live load was 14.3 kips as shown in Chapter 3.
An elastic-plastic analysis of ~he frame, case b , but
assuming an infin~tely stiff brace (no sidesway) gives a bracing
shear of O~0534P up to a factored live load of 10.6 kips and
is shown by the initial portion of the dotted curve in Fig. 5.12.
273.28 -58
Comparing the solutions of Cases a and b shows that the frame
reduces the shear by 22% when sidesway is permitted (elastic
brace). Since theoretical hinges form when the live load is
10 0 6 kips, further analysis is performed on the structure
shown in Fig. 5.13c. Comparison of Cases ,b and c show that
the shear in the frame with plastic hinges increases approx-
imately three times that in the elastic frame. This causes
the bend in the dotted curve. The shear is very sensitive
to plastic hinge formation.
The test results appear to show better correlation with
theory in the elastic range considering no sidesway (dotted
curve), but the shears are too small to actually indicate a
difference between the theories. The test did not exhibit a
bend as expected because the plastic hinges formed at a
higher lOClrd than predicted. The" P-,6 effect is very small at
this loading so it has no effect on the comparison.
2. Lateral Loading. After the factored vertical loads
(load factor = 1.3) were placed on the test frame, factored
lateral loads of 4.5 kips were applied at each beam level.
The shears developed in the columns and the bracing at the
bottom story due to the lateral loads only are shown in Fig.
5.14 along with the total applied wind shear and the secondary
shears caused by P-A. The bracing does not resist all the
273.28
applied shear because of the frame resistance.
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The theoretical shears carried by the frame and the bracing
are shown by the dotted curves, and the theory show~ excellent
agreement with the test results. The theory is based on the
frame shown in Fig. 5.15b since theoretical plastic hinges
have formed at the locations shown under vertical load alone.
When lateral load is ,~.pp1ied, plastic hinges 2 and 3 unload
elastically so that only hinge 1 acts as a real hinge. How-
ever, the deflection at the bottom story is not significantly
affected by the hinges at locations 2 or 3, and the stiffness
of the frame is taken as the value shown in Fig. 5.15b. Com-
parison of cases (a) and (b) show that the frame stiffness
is reduced 25% by the formation of the plastic hinges. This
reduces the contribution of the frame in resisting shear from
14% for case (a) to 12% for case (b) when all braces are in
tension. Point a in Fig. 5.14 denotes the point at which
the IIcompressionli brace goes into compression, and the frame
resistance increases to 22% for case (b) compared to 26% for
the elastic frame. The frame of case (b) is 3.1 times stiffer
than predicted by the ap.proximate method of Reference 29.
3. Proportiona,l, Loading. The final loading phase on test
273 .3 was the application of loads in the proportions sh'own
in Fig. 5.10. The wind loads with the corresponding shears
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The theoretical bracing and column shears shown by the
dashed lines are based on the frame of case (b) of Fig. 5.15
and considering only the applied wind shear. The agreement
between test and theory is poor. The shear in the bracing
is greater than the combined effects of p-~ and wind shear
even though the frame should carry 22% of the total shear
as shown in Section 5.4.2a The discrepancy between test
and theory is caused by the large shears produced by the
,vertical loads due to the formation of plastic hinges in
the frame.
As plastic hinges form in an unsymmetrical manner, the
frame becomes unsymmetrical for analysis. Then, even symmet-
rical vertical loads will cause shears in each story. Figure
5.17 shows how the shear in the bottom story is increased as
plastic hinges form due to the vertical loads. The results
are based on a frame with an infinitely stiff brace (no side-
sway). The test frame corresponds to case (c) at the start
of the proportional loading. The theoretical shear produced
is 6~96 times greater than the shears in the elastic frame,
case (a) ~ For case {e) the shear due to vertical load is 17.0
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times that of the elastic frame.
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The shear due to the vertical loads cQrresponding to
case (c) of Fig. 5.17 is shown in Fig. 5.16 added to the
effects of wind and P-A. The vertical load shear amounts
to 37% of the wind shear applied during the proportional
loading phase.
505 Summary
This chapter has studied the behavior of diagonal
bracing in a steel frame subjected to lateral and unsymmetri~
cal vertical loading. The philosophy that governed the design
of the bracing was to minimize the P-A effects in the frame.
The theoretical response of diagonal bracing was devel-
oped including the theoretical evaluation of sag in the brac-
ing. It was shown that the sag effect, on the axial deforma-
tion of the bracing is a function of the length of the brace,
its slenderness ratio, and the axial stress, and that pre-
str~ssing reduces the sag effect and permits large slenderness
ratios. The effect of prestressing on the response of the·
elements of the bracing and the bracing system as a whole
were presented. The theory showed good agreement with testso
The prestressing reduced deflections in the frame considerably~
The theoretical interaction between the t~st frame and
diagonal bracing was developed. It was shown that the elastic
frame would res-ist 14% of the applied horizontal shear when
all bracing was in tension. The contribution of the frame
would increase to 26% when compression occurred in the
IIcompressionll braces.
The effect of plastic hinge formation on the stiffness
of the frame and the shear due to vertical load was shown to
be very significant. Tests showed good agreement with theory
when the plastic hinge effect was considered. For case (c)
of Fig. 5.17 the frame stiffness decreases 25% and the story
shear from vertical loads increased approximately seven times
compared to the corresponding values of the elastic frame.
A summary of the total shear applied to the bottom story
of test frame 273.3 at maximum load is given below:
Wind s'hear: 18.37 kips
Secondary shear
p~
0.63h
vertical load shear: 2.97
Total shear 21.97 kips
The lateral loads amounted to only 8385% of the total shear
applied to the framee Shear due to vertical loads accounted
for 13.5% and P-6 effects 3%. The bracing design was satis-
factory ,in minimizing the P-6 effect. It appears, however,
that the shear due to vertical loads should be considered in
the design of bracing.
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6~ SUMMARY
The behavior of three full-size braced multi~story steel
frames and two subassemblages designed by plastic methods is
presented along with the techniques developed for testing
large structures with significant vertical and horizontal
loads. The frames have rigid connections and are loaded
only in the plane of the frame. Sway-type plastic mechanisms
are prevented by diagonal bracing. In all tests the geometry
of the frame is the same; only the loading conditions varied.
Full vertical, checkerboard, and checkerboard with wind are
the loading conditions considered.
In the three frame tests the predicted maximum load P
based on simple plastic theory was reached or exceeded. (Pmax/P
u
=
1.07, 1.00, and 1.0~. The frame was designed in a balanced
manner, that is all members were designed for their maximum
strength. Although some plastic hinges formed in the columns,
the beam strength governed the maximum load of the frames in
all cases due to variation from the material properties assumed
in the design.
Tests on two subassemblages studied the behavior of beam=
columns in multi-story frames. The' results showed that the
subassemblage concept for the plastic design of columns could
be used to predict the maximum strength., The conc~pt gives
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conservative results for rotation capacity because interaction
between subassemblages is neglected. In the actual behavior,
redistribution of moments occurs which permits larger rotation
with no decrease in load.
A philosophy of diagonal bracing design in multi-story
frames is presented. The theoretical response of diagonal
bracing was developed including the theoretical evaluation
of sag in the bracinge It was shown that prestressing re=
duces the sag effect and permits larger slenderness ratios
in bra~ing$ The effect of prestressing on the response of
the bracing system was presentede The theory showed good
agreement with tests.
The theoretical interaction between the test frame and
the diagonal bracing was developed. It was shown that shears
due to unsymmetrical vertical loads in a frame with plastic
hinges have a significant effect on the forces in the diagonal
bracing.
The test program and the theoretical developments have
shown that additional research is needed in some areas.
Low strain-hardening moduli were recorded for the material
compared to the values assumed in theorye The values were
low enough to classify the l2Bl6~5 and 6WF20 sections used
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in the tests as unsatisfactory considering the local buckling
requirements. Tests by colleagues also confirm low values
for the l2B16.5. It appears that a study is needed to deter-
mine if the strain-hardening modulus is a function of the
material thickness and the rolling process. Only when the
mature of the strain-hardening modulus is established can
the theoretical developments in local and lateral buckling
be adequately ·verified.
This dissertation has not considered the behavior of
connections in multi~story structures designed by plastic
methods in any detail. However, observations of the con-
nection behavior in the tests indicate that the effect of
axial load on connection design should be studied. Current
methods for proportioning connections do not consider the
effect of axial load on the yield criterion of the web.
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7 ~ NOMENCLATURE
A
b
d
E
F
f
G
H
~T
=
=
=
=
=
=
=
=
=
=
=
Area of cross section
Area of bracing
Flange width
Depth
Modulus of Elasticity of Steel (29,500 ksi)
Strain-Hardening modulus
Axial force in member
Ratio Mp/My
Shear -modulus, subscript e refers to the
elastic value for steel (11,350 ksi)
Horizontal load
Horizontal shear in compression brace
Horizontal shear in tension brace
h = 'Story height i ratio E/Est
h T = Total height of frame
I = Moment of inertia, x refers to strong axis
y refers to weak axis
L = Bay spacing length of member
My
= -Length of bracing
= Plastic moment capacity
= Bending capacity considering the influence
of axial load
= Moment at first yield
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p
p
q
r
s
t
u
v
W
w
y
z
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
Vertical load
Predicted maximum load
Axial load at completing yielding of the
cross section
Parameter, see Eq. 5.7
Weight of steel per eu in. (0.285 Ib)
ratio of end moments on a column
Radius of gyration, subscripts x and y refer
to strong axis and weak axis respectively
Support movement due to sag
Flange thickness
Non-dimensional parameter defined by Eq. 5.9
Column shear
Load per linear in.
Web thickness
Deflection
Plastic modulus
S~qpe angle of bracing
Deflection
Change in lengt'P-
Deflection at top of building
(AFLE\Centerline deflection of beam, axial deformation J
Total axial deformation
Strain at Strain-hardening
Yield strain
273028
~ = Poisson1s ratio (0.3 for metals)
Ci = Stress
~ = Stress in bracing
~ = Ultimate stress
Vy = Static yield stress
& = Rotation of "fixed ll base joint rotation
-68
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TABLE 1. Test Program
Full Dead
and
Live Loads
TEST.NO
273.1
TYPE OF TEST
273.2
273.2A
273.3
273.3A
Braced
Frame
Subassem-
blage
'-Braced
Frame
Subassem-
blage
Checkerboard
Checkerboard
,(Modified)
Ch'eckerboard
plus
Wind
Checkerpoard.
(Modi £'i~ed)
273.28 70
TABLE 2 Typical Computer Output for Moments in Beams
DATA REDUCTION PROGRAM FOR A 2.SAY 3-STORY FHAME.
AX. LO. COEr,. ~Q.0362
-~-~----_.-
TEST 273.2A BEAM C·1-S ~ = 838 in-k
eXT. MoM. ,coer,:: 0.1299 I NT. MOM.' ·COEr, = 9,1299
LOAD
NtJM8ER
LOAP
tK]
MOMENT
AT A
(IN .. K]
MOMENT
AT 8
MOMENT
AT C
MOMENT
AT D
MOMENT
AT E
MOMENT
AT r
1 oII o• o• o• O. o• o•
2 5,.3 128. 111. "133. ~130. 116, 133,
:3 10.5 254, 220. ~2~4t ~~62. 225. 25~.
4 15.5 379. 329. -387, tIll385. 333. 383,
5 20.3 498. 432, -5g6. ~504. 437. 50~,
6 25.2 641. 559. "6U3. "598. 571, 653.
7 27.9 733. 642, ~6~5. ..,641. ,652 t 74~,
8 30,1 824. 727. "6~1. -653. 744. 84~.
------------ -
9 31.0 877, 776. ':'660. ""664. 768. 869.
10 31.7 919, 816. ·6~5. ~663. 799, 90l,
"'T"'"-~~~-_.,_&_~~,-.,-~-~~_
787.11 31,4 913. 810, ... 648. .659. 889,
••~ .... ~_ ~+ ... " ~_.. ~~_ ........ -:::r ......... _ • ...- .. 4 _.__ ...-..-~ ...__ ...
12 31.~ 930, 826. .. 656. w676. 784. a86 •
~.~---~._-~~~-_ •••~+-
13 ~1,7 936. 632. "'6~1. ~680. 770. 87~,
--~----~-~......~ ..~--~~
1-4 31.5 934. e30. "644. -675. 765. 866.
•• _.-......4· .. ••• ~ ...._ ......... _ ............. r·___ ~....-........___________
870.15 31,6 946. 842. ~639. "6'74. 768.
~~,.~.&_~--~~~~~~~........-------~~-----~~-~--
847. ·6~3, ~677. 7.7 4. '87~.•16 31,8 '952.
~-_.~~~---~--~~._--~---~--
858. ~5~7. .,.,577, 900. 100~~17 31.7 960,
-'·"E·x·-i-T--CA-C·CE~D-:--~--~------· Signs:
'+' Moment
.._..M.A-~~--U-~65~-. 09 54J_~~___~.~
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TABLE 3. SUMMARY OF TENSION TESTS
ELONG
Est/EY*Section Statistics c:1y O'u (Bin. ) Est
ksi ksi % ksi
No. of Data 20 JO 20 8 12
Average 36.98 57.9 30.1 314 18.9
FIg. Std. Dev. 1.68 0.8 3.5 37 1.5
Min 34.00 56.2 24.0 260 16.3Range M 41.31 59.1 38.5 370 22.2ax
12 B 16.5 Mill Report 45.95 64.1 24.2
No. of Data 10 8 8 4 5
Average 44.18 61.1 26.1 588 14.9,
Web Std. Dev. 2.37 1.0 3.0 24 0.9
Min 39.72 59.5 23.0 480 14.3Range M 47.26 62.3 31.8 680 16.4ax
No. of Data 6 6 6 2 6
Average 39.57 66.7 27.6 665 12.3
FIg. Std. Dev. 0.85 0.9 2.1 15 1.1
R - Min 38.49 65.3 24.1 650 10.6
ange M 40.98 67.9 30.1 680 13.8ax
6WF20 Mill Report 47.11 69.7 26.5
No. of Data 3 3 3 1 3
Average 41.73 68.0 26.4 500 10.9
Web Std. Dev 0.60 1.3 1.3 - 1.8
Min 40.99 66.3 25.3 - 8.9Range M 42.44 69.4 28.2 13.3ax
-
No. of Data 6 6 6 1 6
Average 37.75 66.6 28.5 670 12.9
FIg. Std. Dev. 0.72 1.1 1.0 - 1.5
Min 36.72 65.1 27.1
-
10.6Range M 38.92 67.4 29.9 15.2ax -
6WF25 Mill Report 43.96 73.1 27.0
No. of Data 3 3 3 a 3
Average 40.84 67.7 26.7 - 13.0
Web Std. Dev. 0.70 0.6 1.6 - 2.6
Max 39.86 67.0 24.6 - 9.4Range M" 41.42 68.5 28.6 15.3lU -
*€ = (j ~EY Y'
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TABLE 4. Average Section Properties
No b t w d A I I Z
Section x yof
Data in~ in. in. in. in2 in4 in4 in3
12B16.5 24 4.06 .270 .240 12.00 4.97 106.3 3.02 20.8
Book 4.00 .269 .230 12.00 4.86 105.3 2.79 17.5
6WF20 12 6.11 .368 .269 6.32 6.01 43.8 14.0 15.5
Book 6.02 .367 .258 6.20 5.90 41.7 13.3 13~4
6WF25
4 6.12 .472 .326 6~50 7.59 57.2 18.0 19.9
Book 6.08 .• 456 .320 6.37 7.37 53.5 17.1 16.8
TABLE 5. Plastic Moments and Axial Yield Loads
*
No. of Data
Section Property Beam Tens. AVG STD RANGE
Test Test DEV.
12B16.5 Mp 2 10 826· + 37 763-896(630)
M 3 3 635 18 601-650P (483 )6WF20
Py - 3 243 7 234-252(212 )
M 3 3 787 28 744-820P (605)
6WF25
p ~ 3 292 5 286-299Y (266)
* in.-kip units
+() handbook value based on uy = 36 ksi
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FIG. 2.3 Test Setup for Braced Multi-story Frames
Test Frame
Dynamometers
Tension Jack
Gravity- Load Simulator
Loading Frame
La tera I Bra cin9
FIG. 2.4 Typical Bay of Test Setup
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FIG. 2.5 Side View of Test Setup
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~ Ext. Col.
6VF20
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FIG. 2.6 Location of Beam Strain Gages and
Beam Data Reduction
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